This paper extends studies of ion beam transport through a background plasma along a solenoidal magnetic field [I. Kaganovich et al., Phys. Plasmas 15, 103108 (2008)] to the important regime of moderate magnetic field strength satisfying 2 ce b pe ω β ω > . Here, ce ω and pe ω are the electron cyclotron frequency and electron plasma frequency, respectively, and b b v c β = is the directed ion beam velocity normalized to the speed of light. The electromagnetic field perturbations excited by the ion beam pulse in this regime are calculated analytically, and verified by comparison with the numerical simulations. The degrees of beam charge neutralization and current neutralization are estimated, and the transverse component of the Lorentz force associated with the excited electromagnetic field is calculated. It is found that the plasma response to the ion beam pulse is significantly different depending on whether the value of the solenoidal magnetic field is below or above the threshold value specified by , and corresponding to the resonant excitation of large-amplitude whistler waves. The use of intense whistler wave excitations for diagnostic purposes is also discussed. pe b ω cr ce ω = β 2
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force associated with the excited electromagnetic field is calculated. It is found that the plasma response to the ion beam pulse is significantly different depending on whether the value of the solenoidal magnetic field is below or above the threshold value specified by , and corresponding to the resonant excitation of large-amplitude whistler waves. The use of intense whistler wave excitations for diagnostic purposes is also discussed. 
I. INTRODUCTION
Neutralization and focusing of a charged particle beam by a background plasma form the basis for a variety of applications to high energy accelerators and colliders 1,2 , ion-beam-driven high energy density physics and fusion 3, 4 , and astrophysics 5, 6 . For instance, one of the modern approaches to ion beam compression for heavy ion fusion applications is to use a dense background plasma which charge neutralizes the ion charge bunch, and hence facilitates compression of the bunch against strong space-charge forces [3] [4] [7] [8] . Additional control and focusing of the beam pulse can be provided by the application of a solenoidal magnetic field in the neutralizing region 9, 10, 11, 12, 13 . It has recently been demonstrated that even a weak magnetic field can significantly change the degrees of charge neutralization and current neutralization of an ion beam propagating through a background plasma [14] [15] . In Refs. [14, 15] detailed analysis of an ion beam propagating through a neutralizing plasma background along a solenoidal magnetic field has been performed for the regime of a weak applied magnetic field satisfying 2 . Therefore, the slice approximation previously used for the analysis of the case where ω β ω < in Refs. [14, 15] , and not taking into account the effects of coupling between the longitudinal and transverse dynamics cannot, in general, be applied in the present studies, and a different approach has to be developed. Note that the threshold value of the magnetic field can be expressed as ( ) In the present analysis, we consider a fast ion beam pulse with velocity much greater than the Alfven velocity, and therefore the beam ions cannot interact effectively with ion Alfven wave excitations. Furthermore, we assume a smooth beam density profile with a characteristic axial length scale for density variation, , much greater than the wavelength of electron plasma wave
. Therefore, electrostatic electron plasma wave excitations are also significantly suppressed [16] [17] . However, if a sufficiently strong ambient magnetic field with 2 ce b pe ω β ω > is present inside the neutralizing region, the ion beam pulse can effectively interact with the electromagnetic electron whistler branch of the plasma dispersion relation [18] [19] . Therefore,
in the present paper we analyze excitation of the whistler branch by an ion beam pulse propagating through a neutralizing plasma along a solenoidal magnetic field, and assess its influence on the degrees of beam charge neutralization and current neutralization, and the transverse beam dynamics.
The fundamental problem of whistler wave-field perturbations excited by a charged particle beam propagating in a magnetized plasma has been extensively studied for several decades, and various methods have been developed 19, 20, 21, 22, 23, 24 . Recent interest in this problem has been motivated by possible use of charged particle beams for space communications.
Propagating in the magnetized ionosphere or the magnetosphere plasma, charged particle beams can excite whistler wave-field perturbations, and therefore can be used as compact on-board emitters in the very-low-frequency range, replacing large-apertures electromagnetic antennas [19] [20] [21] .
Analytical and numerical studies of whistler branch excitations by a density-modulated electron beam propagating through a background plasma along a uniform magnetic field, including both linear and nonlinear effects have been reported in Refs. [22] [23] [24] . However, in those calculations the case of a thin beam with has been considered, and the effects of the transverse beam structure have not been taken into account. Here, is the characteristic beam radius, and , which separates these qualitatively different regimes of ion beam interaction with the background plasma, corresponds to the resonant excitation of a large-amplitude wave-field component [22] .
It is important to point out that the effects of resonant wave excitation can be utilized for diagnostic purposes. Indeed, placing a pick-up loop outside the beam pulse and varying the amplitude of the applied magnetic field, a large-amplitude signal will be detected when the applied magnetic field approaches the threshold value specified by 2
Therefore, it is expected that this scheme can be utilized as a passive diagnostic tool to measure the beam velocity or plasma density.
This paper is organized as follows. The theoretical model and assumptions in the present analysis are described Sec. II. In Sec. III we consider the regime of resonant wave excitation, present the asymptotic time-dependent solution in the linear approximation, and estimate the saturation amplitude due to the nonlinear response of the plasma electrons. The analytical solutions for the electromagnetic field are compared to the results of numerical particle-in-cell simulations in Sec. IV. Finally, in Sec. V a detailed analysis of the local field excitations, including the effects of enhanced beam self-focusing, is presented.
II. THEORETICAL MODEL
In this section we calculate the electromagnetic field excitation generated by an ion beam pulse propagating through a cold background plasma with a constant velocity, v b , along a uniform magnetic field . The beam carries a current of 26 . Here, m e and m i are the electron mass and ion mass, respectively. Finally, we neglected perturbations in the ion beam motion, assuming that the time duration of beam-plasma interaction is smaller than the characteristic time for the ion beam response [26] . The space-time Fourier transform of the beam current is specified by
It is straightforward to show for this model of the beam current that Eq. In what follows, we assume that the beam pulse is sufficiently long, with r b <<l b and ~b b pe v l ω ω << . Note that the latter condition implies that electrostatic electron plasma wave excitations are significantly suppressed [16] [17] . Finally, in this section, for simplicity we assume that pe ce ω ω << , and a general analysis for the case of an arbitrary ratio of 
where use has been made of Faraday's equation, ( )
, to obtain the perturbed magnetic field component. Here,
, and
is the dispersion relation for the electron whistler branch. exp ,
It is evident that the onset of wave-field generation by the beam pulse corresponds to existence of real solutions to
Note that the condition in Eq. (7) is equivalent to the resonance condition for Cherenkov radiation, namely , where is the z-component of the whistler wave phase velocity.
a) Properties of the excited whistler waves
It is straightforward to show that real solutions to Eq. (7) exist, provided
as illustrated in Fig. 1(a) . For this case, the solutions correspond to the long-wavelength electromagnetic part of the whistler branch, 
Note that for a long beam pulse with The directions of the x-component of the group velocity V gx for the excited wave field are illustrated in Fig. 1(b) . Note that the quasi-electrostatic and the long-wavelength electromagnetic whistler waves with the same signs of phase velocity have opposite signs of group velocity, V gx .
Furthermore, it can be shown that the z-component of the group velocity for the short-wavelength quasi-electrostatic wave field is smaller than the beam velocity. In contrast, the long-wavelength electromagnetic wave field propagates in the z-direction faster than the beam. Therefore, the long- Long-wavelength electromagnetic field
Short-wavelength
Beam frame
Wave-field excitations for the case where 1 α > are associated with the poles in Eqs. (5)- (6) , which appear e of the wave vector components (k x ,k z ). Note, for the case of a long beam pu t the pole locations on the real k x -axis depend weakly on the value of k z , in the real spac lse, m tha Long-wavelength electromagnetic field
Beam frame and k x =k qs for k z <0, and at k x =k em and k x =-k qs for k z >0. Note that the group velocity of these waves is indeed directed away from the beam, i.e., V gx >0 [see. Fig. 1(b) ]. Finally, it should be pointed out that the integration contours C L are different for the cases where k z >0 and k z <0. Therefore, even for a symmetric longitudinal beam density profile, the electromagnetic field perturbations are not, in general, symmetric around the beam center, implying oblique wave propagation.
For present purposes, it is convenient to represent the integration along the contour C L for x>0 (x<0) as an integral along a slightly shifted upward (downward) contour C + (C -) lying below (above) the poles of n k , plus (minus) the residues of the relevant on-axis poles [Figs. 3(c) and
. For a beam with a smooth radial profile it can be shown that the contribution from the onaxis poles corresponds to the wave-field components of the electromagnetic field perturbation ( ) extending far outside the beam, and the integral along the path C + corresponds to the local-field components ( ) that rapidly decays to zero outside the beam. Assuming for a sufficiently long beam pulse, we obtain the following approximate expressions for the wave-field components of the electromagnetic field perturbation for x>0, 
Here, 
are the electric and magnetic components corresponding to the quasi-electrostatic (with subscript "qs") and the long-wavelength electromagnetic (with subscript "em") waves, respectively, and x, which we only retained in the phase of the wave-field component, yields a curvature in the phase fronts, and a corresponding decrease in the wave-field amplitude for . The local fields are given for x>0 by It should be noted that for the case where the beam density profile is specified by , the integration over the k z -space can be carried out independently from the k x -space integration. Therefore, the axial dependence of the local fields is determined solely by the beam density axial profile, that is
In contrast, it is readily seen from Eqs. (10)-(13) that the wave field propagates obliquely to the beam. This implies a coupling between the transverse and longitudinal dynamics of the system, and therefore limits the validity of the slice approximation.
Features of the steady-state whistler wave excitation are shown in Fig. 4 for the following illustrative parameters:
, and B ext =1600 G. It is readily seen for a wide-aperture beam, r b =2.5c/ω pe , that the long-wavelength electromagnetic part of the whistler branch is primarily excited [ Fig. 4 (a) ], and the amplitude of the quasi-electrostatic wave field is exponentially small [see Eq. (12) 
(c) Time evolution of the wave-field perturbations
It should be noted that the denominators in Eqs. (10)-(11) can be expressed as
and it readily follows that there is strong resonant wave excitation for the case where the poles are 
That is the wave packet is moving together with the beam pulse, and can therefore be amplified to very large amplitude (during a very long time interval), assuming a linear plasma response. The wave-field intensity, however, will be saturated either by nonlinear processes or due to dissipation (collisions). Note that the local fields specified by Eqs. For the case where 1 > α , the wave-field amplitude reaches a finite quasi-steady-state limit with a characteristic time scale of
. This time interval is required for an initial transient wave packet to propagate sufficiently outside the beam pulse. For the excited wave vectors specified by Eq. (7), it can be shown that (7), we obtain
That is, the time scale for achieving a quasi-steady-state is of order the beam pulse duration, and is therefore much longer than the plasma period, i.e.,
Note that this result is significantly different from the case B ext =0, where the characteristic time to reach a quasi-steady-state is of order of the plasma period.
(d) Influence of the excited wave field on beam charge neutralization and current neutralization
It is of particular interest for neutralized beam transport applications to estimate the degrees of beam charge neutralization and current neutralization associated with the excited wave field.
Here, we consider the case where 1 α ≥ , and the limit where , which is consistent with the analysis in Ref. [15] . dissipation (due to collisions) [22] , or nonlinear interaction between the beam electrons and the excited whistler waves [23] were assumed in order to estimate the saturated amplitude of the electromagnetic field perturbations. In the present analysis we obtain the asymptotic timedependent solution for the wave amplitude in the linear approximation. Furthermore, we discuss a possible mechanism for saturation of the wave field intensity associated with the nonlinear response of the background plasma electrons, which can drive the system off resonance. Provided the beam ions are sufficiently massive, the saturation determined by this mechanism can occur before the nonlinear interaction between the beam ions and the excited whistler waves becomes important.
III. RESONANT WAVE EXCITATION
To describe the time-evolution of the electromagnetic field perturbation excited by the ion beam pulse, we solve here an initial-value problem, making use of Laplace transforms with respect to time. Note that the temporal Fourier transform used in Sec. II yields only the steady-state solution. In this section, we assume that the initial electromagnetic field is zero everywhere, and the beam current (source) is instantaneously turned on at t=0, i.e.,
( )
,
where H(t) is the Heaviside step function defined by H(t)=0 for t<0, and H(t)=1 for t≥0. Similar to Eq. (3), we obtain that the space (Fourier) -time (Laplace) transform of the perturbed transverse magnetic field is given by
The inverse Laplace time transform performed in the complex ω-plane readily gives
Note that the first term inside the brackets in Eq. 
The right-hand side of Eq. exp sgn 2 1 , sin
where , 
where >> , the amplitude of the magnetic field is given by
provided the beam radius is of the order of or smaller than the electron skin depth.
As the amplitude of the resonantly-excited electromagnetic field perturbation increases, nonlinear processes can provide saturation of the energy transfer from the beam to the wave field.
Here, we consider a plausible mechanism to describe saturation of the wave field intensity, in which the enhanced electromagnetic field perturbation generated by the ion beam pulse modifies properties of the whistler waves, and 
For the case of low beam density, . Finally, we emphasize that although the mechanism considered for the wave-field intensity saturation seems plausible, further detailed analytical and numerical studies are required to validate it.
The resonant excitation of whistler waves has been observed in numerical particle-in-cell simulations performed using the two-dimensional slab (x,z) version of the LSP code 27 taking into account electromagnetic effects. As an illustrative example, we consider a Gaussian ion beam pulse, ( ) , the saturation amplitude of the perturbed magnetic field increases, as well as the time interval required to achieve a quasi-steady-state. Note that the perturbed transverse magnetic field shown in Fig. 5 is normalized to the magnetic self-field of an unneutralized beam, 0 
IV. COMPARISON OF ANALYTICAL THEORY WITH NUMERICAL SIMULATIONS
In this section we present the results of the numerical simulations performed with the particle-in-cell (PIC) code LSP and compare it with the analytical solutions described in Sec. II. Fig. 6(b) . The following parameters have been used for this illustrative example: It is of particular interest to compare the results obtained for the case of (x,z) slab geometry [Figs. 6(a) -6(c)] to the case of cylindrical (r,z) geometry. The results of the numerical simulation obtained using the 2D (r,z) cylindrical version of the LSP code for the same system parameters are shown in Fig. 6(d) . Results of the (r,z) LSP simulations demonstrate similar wavelength and propagation angle for the excited wave field. However, the amplitude of the perturbed electromagnetic field is smaller. Furthermore, it decays more rapidly outside the beam pulse, compared to the case of the slab beam pulse [compare Fig. 6 (a) and 6(d)]. Note for an infinitely long beam that the amplitude of an excited electromagnetic field decreases as 1/r for the case of cylindrical geometry, and does not decrease for the case of 2D slab geometry. This can provide a plausible explanation of the difference in the wave-field amplitude observed in cylindrical and slab geometries. 
V. SELF-FOCUSING OF AN INTENSE ION BEAM PULSE
In this section, making use of Eqs. 
where ( ) [ i.e., B ext =0. Indeed, even for this simple case the beam charge is typically better neutralized than the beam current, and the self-pinching force is produced by the net self-magnetic field 28 . This self-pinching can be utilized for a variety of applications, including self-pinched ion beam transport 29 , and heavy ion beam focusing 30 . Note that for the case where B ext =0, the beam current is almost unneutralized in the limit where the beam radius is small compared to the electron skin rift Compression Experiment (NDCX-I) [7] and its future upgrade NDCX-II [8] ,
which are designed to study the energy deposition from the intense ion beam onto a target. The experiments involve neutralized compression of an intense ion beam pulse with radius r b~1 cm as it propagates through a long drift section with length L d~2 00 cm filled with a background plasma with density n p~1 0 11 cm -3 . As it exits the drift section, the beam passes through a strong magnetic Finally, we emphasize that the effects of an applied solenoidal magnetic field on neutralized ion beam transport described in this paper for the case of 
